Abstract
reactions in human cells is generalizable to several other genes, as well as to another cell (Fig. 1a) , as other groups have recently reported [7] [8] [9] [10] [11] [12] . In essence, our PSM To visualize the segmentation clock in the induced PSM, we introduced a HES7 promoter-1 luciferase reporter 13, 14 , detecting clear synchronized oscillations of HES7 expression in 2 both murine and human PSM ( Fig. 1b; Supplementary Video 1) . Interestingly, the 3 oscillation periods, i.e., the durations for one cycle, were different between the species: 4 mouse PSM oscillated with a period of 122 ± 2 min (mean ± sd) whereas human PSM 5 exhibited a 322 ± 6 min period ( Fig. 1c-e) . These numbers are consistent with the 6 literature: The period of the murine segmentation clock in vivo is 2-3 hours 13, 15, 16 . While 7 visualizing the segmentation clock in a human embryo is ethically difficult, the human 8 period has been roughly estimated to be 4-6 hours with fixed samples through counting 9 the number of somites, which are periodically formed according to the segmentation 10 clock 17, 18 . Thus, we concluded that our induced PSM recapitulates the species-specific 11 periods of the segmentation clock and serves as an ideal in vitro platform to investigate 12 the cause of the 2-3-fold period difference between mouse and human.
13
The gene regulatory network of the segmentation clock consists of two parts: the 
29
Those isolated PSM cells still displayed the 2-3-fold period difference between the 30 species (mouse: 160 ± 9 min; human: 376 ± 51 min) (Fig. 1i) , even though the oscillations 31 at the single-cell level were noisier and slower than the population level oscillations (see between mouse and human, so these results suggest that human HES7 locus in mouse
28
PSM gives rise to an essentially mouse-like oscillation period.
29
One potential defect in our experimental design of interspecies genome 30 swapping is, however, that the swapped HES7 region might not be long enough, and that 31 a crucial sequence for the oscillation period might exist upstream of the HES7 promoter 32 we defined, for instance. To rule out this possibility, we performed 'knock-out and rescue' 33 assays ( Fig. 2i) : The endogenous mouse HES7 gene was first knocked out in mouse ESCs,
34
leading to disruption of the HES7 oscillation in the induced PSM (Fig. 2j) both murine and human HES7 constructs restored mouse-like oscillation periods in the 5 mouse PSM (Fig. 2l) . We further attempted a 'complementary' experiment: we knocked 6 out the endogenous human HES7 gene and rescued the disrupted oscillation with the 7 murine or human HES7 construct in human PSM (Fig. 2m, n) . Again, murine and human 8 HES7 constructs were indistinguishable in terms of the restored oscillation period (Fig.   9 2o). These results collectively indicate that the 2-3-fold period difference between murine 10 and human segmentation clocks is not caused by the sequence differences between 11 murine and human HES7 loci.
12
We then hypothesized that differences not in the sequences but in the then halted its expression (Fig. 3b) . Interestingly, both murine and human HES7 proteins
21
were degraded more slowly in human PSM as compared with mouse PSM (Fig. 3b, c; 
22
Supplementary Fig. 6a ), meaning that the changes in the degradation rate depend on the 23 differences not in the HES7 sequences but in the cellular environments (i.e., whether
24
HES7 is hosted in a murine or human cell). The half-life of HES7 protein in mouse was 25 previously reported to be 22 min 29 , consistent with our measurements where half-lives in 26 murine and human PSM were estimated to be 21 ± 0.8 min and 40 ± 4 min, respectively.
27
To measure the delay caused by the transcription and translation of HES7, we human PSM (30 ± 1 min) as compared with mouse PSM (17 ± 2 min) (Fig. 3f, top) . The (Fig. 3f, bottom) . Note that the HES7 gene used in these measurements did not 36 6 include the introns (see Fig. 3b (Fig. 3g, h ) and estimating the phase difference between the oscillations of the two 4 reporters ( Fig. 3g; Supplementary Fig. 7) . Again, the HES7 intron delay (τIn) was longer 5 in human PSM (37 ± 3 min) compared with mouse PSM (13 ± 3 min) (Fig. 3i) . Roughly 6 consistent with our measurements, the intron delay or splicing delay in mouse embryos 7 was previously reported to be 12-19 min 14, 32 . Finally, to measure the delay for HES7 to 8 start repressing its own promoter, we induced the expression of HES7 and estimated the 9 onset of decline in the HES7 promoter activity ( Fig. 3j; Supplementary Fig. 8 (Fig. 3l) . Remarkably, our simulation of oscillations with the murine 24 parameters showed periods of ~150 min whereas that with human parameters showed 25 ~300 min periods (Fig. 3l) , reproducing the 2-3-fold period difference between actual 26 murine and human PSM (see Fig. 1e ). These results mean that the slower biochemical (Fig. 4a, b ; Supplementary Fig. 9 ). GBX2, MSGN1, and
34
TBX6 proteins showed slower degradation rates in human PSM than in mouse PSM,
35
whereas CDX2, EVX1, and Brachyury T did not (Fig. 4c) . We also measured the 36 transcription and intron delays (τTx, τIn) ( Fig. 4d, e; Supplementary Fig. 10 ). TBX6, GBX2, 1 and MSGN1 showed longer delays in human PSM than in mouse PSM whereas EVX1 2 did not show a significant interspecies difference (Fig. 4f) 
HES7 loci swapping

22
The CRISPR guide sequences for HES7 swapping were cloned into pSpCas9(BB)-2A-
23
GFP vector (addgene #48138) 42 (see Supplementary were isolated, and chimeric mice were generated according to standard procedures. The To simulate the oscillation of HES7, previously proposed delay differential equations of
25
HES feedback loop were used 20 .
where m and p are the concentrations of mRNA and protein, respectively. δm and δp are 29 the degradation rates of mRNA and protein, α and β are the translation and transcription 30 rates, K is the repression threshold, and n is the repression Hill coefficient. τm and τp are 31 the mRNA and protein delays, and they have the following relationships with the 32 experimentally measured delays:
where τRp, τTx, τIn, and τTl are the repression, transcription, intron, and translation delays, The overexpression of a fusion construct of HES7 and NLuc was regulated by the rTetOne 7 system (reverse TetOne system; see Supplementary Table 2 ). The construct was 
29
Expression delay model:
where βT is the transcription rate of the TetOne promoter.
1
The solution of this is
where τ = τ + τ , and = β /δ .
5
Degradation model:
where βrT is the transcription rate of the rTetOne promoter.
10
where = β /δ .
14
As for δp, the value estimated in the degradation assay was used. τTxTl and δm, together Expression delay model:
where τ = τ + τ + τ . 
16
Repression delay model:
where f and F are the mRNA and protein concentrations of FLuc, respectively. τTxf and 22 τTlF are the transcription and translation delays of FLuc (τTxTlF = τTxf + τTlF), and αF is the 23 translation rate of FLuc. The numerical calculation was performed with Python, and the 24 resulting F(t) was multiplied by C(t) to incorporate the effect of cell population growth.
where C0 is the initial cell density, γ is the growth rate, and fnorm is the scaling factor for 27 luminescence. As for δp, δm, δF, δf, τTxTl, and τTxTlF, measured values were used. The data of 28 repression delay assay were fitted to F(t)×C(t) manually. The fitting was good when τRp 29 = 0 with both murine and human parameters. Supplementary Fig. 3b .
23
The pictures of clone 7 Wt and Homo swap are also shown in Fig. 2e . Fig. 3d (Ex2, Ex3) . Fitting of Ex1 is shown in Fig. 3e . The same 29 data of degradation assay as Fig. 3e was used for fitting. Time-lapse imaging of HES7 reporter activity in murine (left) and human (right) PSM. τTx (Fig. 3f) τRp (3j) δm (Fig. 3f) δp ( For the parameters that we consider in this paper, p * K, as can be seen in Fig. 1, which represents graphically the solution of Eq. (3) as the crossing point between its left-hand side (blue line) and right-hand side (orange line). In the limit p * K, Eq. (3) has the following approximate solution:
Inserting expression (7) into the characteristic equation (6) leads to:
(λ + δ m )(λ + δ p ) + nδ m δ p exp(−λ(τ m + τ p )) = 0 ,
Considering again that the imaginary part of the eigenvalue with the highest real part gives us an estimate of the oscillation period, we can observe from Eq. (8) Finally, if we focus on the bifurcation point (σ = 0), we can obtain in closed form the period of the oscillations at that point by computing ω. To that end, we write the real and imaginary parts of Eq. (8) for λ = iω and divide one by the other, to reach the following transcendental equation:
We can thus see that at the bifurcation point, the period of the oscillations does not depend on n, but only on the degradation rates of the mRNA and the protein, and on the total delay. These observations are reproduced by our numerical simulations.
